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HIGHLIGHTS 


• Biomass is pretreated by torrefaction and carbonization for the use in blast furnace. 

• Biomass is pretreated in a rotary furnace to uniformly upgrade solid fuel. 

. Fuel ratio, ignition temperature, and burnout of torrefied biomass and biochar are analyzed. 

• Carbonization is feasible to improve the energy densities of bamboo and Madagascar almond. 

• Biomass torrefied at 300 °C or carbonized below 500 °C can be blended with coal for PCI. 
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To evaluate the utility potential of pretreated biomass in blast furnaces, the fuel properties, including fuel 
ratio, ignition temperature, and burnout, of bamboo, oil palm, rice husk, sugarcane bagasse, and Mada¬ 
gascar almond undergoing torrefaction and carbonization in a rotary furnace are analyzed and compared 
to those of a high-volatile coal and a low-volatile one used in pulverized coal injection (PCI). The energy 
densities of bamboo and Madagascar almond are improved drastically from carbonization, whereas the 
increase in the calorific value of rice husk from the pretreatment is not obvious. Intensifying pretreat¬ 
ment extent significantly increases the fuel ratio and ignition temperature of biomass, but decreases 
burnout. The fuel properties of pretreated biomass materials are superior to those of the low-volatile coal. 
For biomass torrefied at 300 °C or carbonized at temperatures below 500 °C, the pretreated biomass can 
be blended with coals for PCI. 

© 2014 Elsevier Ltd. All rights reserved. 


1. Introduction 

Biomass is able to fix atmospheric carbon while it grows; there¬ 
fore, biomass is regarded as a carbon-neutral fuel when it is 
burned. For this reason, using biomass as an alternative fuel to fos¬ 
sil fuels is considered as an effective countermeasure to reduce 
anthropogenic carbon dioxide emissions into the atmosphere and 
mitigate global warming (Machado et al., 2010). For example, bio¬ 
ethanol and biodiesel have been extensively employed for power 
generation in spark ignition engines and compression ignition en¬ 
gines, respectively (Gustavo et al., 2013). In addition to the liquid 
biofuels, biomass can also be combusted directly to get heat and 
power. Compared to coals, the energy density of biomass is low 
and its moisture content is high (Rousset et al., 2011). Moreover, 
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more energy will be consumed to comminute biomass due to its 
lignocellulosic nature (van der Stelt et al., 2011). These character¬ 
istics limit the applications of biomass in industry. 

As far as blast furnaces are concerned, coke, produced from 
metallurgical coal, is an essential reducing agent and provides 
thermal energy for hot metal production (Du and Chen, 2006). By 
means of the technique of pulverized coal injection (PCI), non¬ 
coking or weakly coking coals are injected into the raceways of 
blast furnaces to partially replace coke (Chen et al., 2007; Du 
et al„ 2007). On account of mass consumption of coals for coke¬ 
making and PCI in blast furnaces, a large amount of C0 2 is emitted 
from the ironmaking processes (Wang et al., 2009). Solid biomass 
is a potential substitute to coals and can be partially used for PCI 
without net carbon dioxide emissions into the atmosphere (Chen 
and Wu, 2009). However, due to the disadvantages of raw biomass 
described earlier, the upgrade of raw biomass is necessary for its 
application in blast furnaces. 












334 


S.-W. Du et al./Bioresource Technology 161 (2014) 333-339 


The upgrade of biomass can be fulfilled via torrefaction and car¬ 
bonization or pyrolysis where biomass is thermally degraded in an 
inert or oxygen-free environment. The torrefaction temperature is 
in the range of 200-300 °C (Peng et al., 2013; Lu et al., 2013; Sabil 
et al., 2014), whereas carbonization is operated at temperatures of 
300-500 °C (Abdullah and Wu, 2009). The biomass materials pre¬ 
treated from torrefaction and carbonization are called torrefied 
biomass and biochar, respectively. By virtue of the partial disrup¬ 
tion of lignocellulosic structure in biomass from the two methods, 
biomass grindability is improved greatly (Arias et al., 2008). Grind¬ 
ing coal for PCI is an energy-intensive process. Therefore, the en¬ 
ergy for grinding coal can be saved if torrefied biomass and 
biochar are used for PCI (Abdullah and Wu, 2009; Phanphanich 
and Mani, 2010). Torrefaction and carbonization lead to the release 
of volatile matter from biomass and change the hygroscopic mate¬ 
rial to hydrophobic one. This transformation improves the reactiv¬ 
ity of solid biomass. Bridgeman et al. (2008) studied raw and 
torrefied willow exposed to a methane-air flame, and found that 
the latter was ignited more quickly than the former. Pimchuai 
et al. (2010) investigated rice husk reaction in a spout-fluid bed 
combustor, and reported that torrefied rice husk ignited faster 
and raised the bed temperature to a higher level when compared 
to raw rice husk. These ignition observations were very likely 
due to the low moisture content in the torrefied willow and rice 
husk. 

When fuel particles are injected into blast furnaces, they pro¬ 
ceed from blowpipes, tuyeres, and then to raceways, and experi¬ 
ence rapid heating, devolatilization, gas-phase combustion, char 
combustion, and gasification (Hutny et al., 1991; Shen et al., 
2009; Wijayanta et al., 2014). Devolatilization and gas-phase com¬ 
bustion correspond to the mass transfer and reactions of volatile 
matter from fuel particles, while char combustion and gasification 
account for the reactions of fixed carbon. Accordingly, particle 
reactions are highly related to the volatile matter and fixed carbon 
contents in the fuels. The ignition temperature of volatile is much 
lower than that of char. Therefore, the first stage of fuel particle 
reactions is triggered by volatile ignition, while char combustibility 
is subject to its residence time in the reactor and the surrounding 
temperature (Du et al., 2010). However, after biomass is torrefied 
or pyrolyzed, part of the volatiles are liberated from the material 
and relatively more fixed carbon is retained (Chen et al., 2012). 
This may lower the ignition temperature of biomass in the gas 


Coals with high fuel ratios are frequently blended with low fuel- 
ratio coals to increase the flexibility of PCI operation (Du et al., 
2010). When biomass is used as an alternative fuel to coals for 
PCI, its utility can be evaluated through a number of properties, 
such as fuel ratio, ignition temperature, and burnout (Gao and Bian, 
2013; Li et al., 2014). To the authors’ knowledge, the pretreatment 
of biomass simultaneously covers torrefaction and carbonization 
has not been studied yet. The purposes of the present study are 
to examine the fuel properties of biomass pretreated by torrefac¬ 
tion and carbonization and compare to those of a high-volatile coal 
and a low-volatile coal. Particular emphasis will be paid to the 
applications of upgraded biomass, from the viewpoint of coal blend 
used in PCI. 


2. Experimental 

2.1. Materials and preparation 

Five different biomass materials were studied in the present 
work; they are bamboo, oil palm, rice husk, sugarcane bagasse 
(abbreviated by bagasse), and Madagascar almond. The bamboo, 
rice husk, bagasse, and Madagascar almond were obtained in Tai¬ 
wan. The oil palm was the fiber fraction left after the nut was re¬ 
moved in a Malaysia oil extraction mill. Oil palm is an important 
economic crop in some countries, especially in Malaysia. Oil palm 
fibers are abundant wastes from palm oil fruit harvest and oil 
extraction processing. The fibers are considered as a potential 
renewable energy source due to its high calorific value and quan¬ 
tity (Shuit et al., 2009). Therefore, oil palm fiber is adopted and 
studied in the present study. 

Meanwhile, a high-volatile bituminous coal (Coal A) and a low- 
volatile coal (Coal B) for PCI operation at China Steel Corporation 
(CSC) were tested for comparison. The basic properties of the coals 
and biomass materials, such as proximate, elemental, fiber, and 
calorific analyses, are given in Table 1. The proximate analysis 
was performed in accordance with the standard procedure of the 
American Society for Testing and Materials (ASTM E870-82). The 
elemental analysis was carried out by use of an elemental analyzer 
(Vario EL III). The fiber contents (hemicellulose, cellulose, and lig¬ 
nin) in biomass were analyzed through the measurements of neu¬ 
tral detergent fiber, acid detergent fiber, and ash (Chen et al., 
2010). The higher heating values (HHVs) of samples were detected 


Table 1 

Proximate, elemental, fiber, and calorific analyses of two coals and raw biomass materials. 


Proximate analysis (wt%) 

Moisture 13.92 1.09 

VM 44.09 14.67 

FC 40.47 76.35 

Ash 1.52 7.89 

Elemental analysis (wt%) 

C 63.72 83.24 

H 4.40 3.78 

N 0.67 1,62 

S 0.10 0.52 

O* 29.59 1.86 


Fiber analysis (wt%) 

Hemicellulose 

Lignin 

Others 

Higher heating value (MJ kg -1 ) 

23.99 31.01 


Bamboo Oil palm Rice husk Bagasse Madagascar almond 


3.00 


73.18 

9.27 

9.55 


10.17 

70.38 

18.62 


48.64 

5.64 

0.52 

0.03 

44.09 


43.40 

4.33 


42.07 


46.38 


0.50 

0 


47.68 

4.31 

0.50 


46.68 


34.00 

26.78 


21.34 


30.59 18.23 

45.66 41.86 

19.38 16.17 

5.37 23.74 


18.95 17.12 17.46 


18.31 17.32 


By difference. 
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by a bomb calorimeter (IKA C2000 Basic). As shown in the table, 
the higher heating values (HHVs) and fixed carbon values of the 
five biomass species are in the range of approximately 
17-19 MJ kg -1 and 9-20 wt%, respectively, which are much lower 
than those of Coal A (i.e., 23.99 MJ kg 1 and 40.47 wt%) and Coal 
B (i.e., 31.01 MJ kg -1 and 76.35 wt%). Bamboo, oil palm, and 
Madagascar almond were shredded by a cutting shredder to the 
particle sizes of 5-10 mesh (i.e., 2-4 mm), whereas rice husk and 
bagasse were not treated. The samples were stored in a nitrogen 
atmosphere at 75 °C until biomass pretreatment was performed. 

2.2. Pretreatment and basic analyses 

The biomass samples were pretreated through torrefaction and 
carbonization. Two torrefaction temperatures of 250 and 300 °C 
and three carbonization temperatures of 400,450, and 500 °C were 
taken into account. To uniformly produce pretreated samples, the 
raw materials were heated in a rotary furnace at a speed of 
5 rmp for 1 h where nitrogen at a flow rate of 350 mL min 1 
(25 °C) was blown into the furnace. After the pretreatment was 
accomplished, the rotary furnace was heated to 600 °C and air 
was blown to burn residual tars retained in the furnace. The pre¬ 
treated samples were also stored in a nitrogen atmosphere at 
75 °C. The proximate analyses of the pretreated materials followed 
the standard procedure of the American Society for Testing and 
Materials (ASTM E870-82). The elemental analysis was analyzed 
by use of elemental analyzers (Thermo FlashEA 1112 and ELTEA 
CS500). The calorific values of the pretreated samples were mea¬ 
sured by a bomb calorimeter (LECO AC500). 

2.3. Burnout and ignition tests 

In addition to the aforementioned basic analyses, the fuel prop¬ 
erties of the pretreated biomass samples were also analyzed 
through burnout and ignition tests. The burnout of the samples 
was tested by a drop tube furnace. The details of the structure 
and experimental procedure of the drop tube furnace can be found 
elsewhere (Chen et al., 2012). In brief, the pretreated samples were 
ground into powders by a shedder followed by sieving using 
vibrating screens to the particle sizes of 100-200 mesh (i.e., 74- 
149 pm). The particles were introduced into the drop tube furnace 
by nitrogen at a flow rate of 2 L min 1 (25 °C), while the secondary 
gas, namely, air, at a flow rate of 3 L min 1 was preheated to 350 °C 
and blown into the furnace, acting as an oxidizing agent. The feed¬ 
ing rate of the particles was approximately 5 g h 1 and the reaction 
temperature in the furnace was 1000 °C. The combustibility or 
combustion efficiency of a solid fuel can be measured in terms of 
burnout. The ash tracer method (Du et al., 2010; Chen et al., 
2012) was adopted to determine the burnout of a tested fuel. The 
burnout is expressed as 

Burnout(%) = Ashuc - A ^ h h raw x 100 (1) 

V ' Ash uc (l - ^) v ; 

where Ash uc and Ash raw designate the ash contents in the unburned 
char and raw fuel, respectively. 

With regard to the ignition test, the biomass samples were 
mixed with sodium nitrite (NaN0 2 ) at a weight ratio of 1:075 
and the total amount was 0.2 g in each test. The sodium nitrite 
was used as an ignition booster for the ignition test. The mixture 
was placed in an ignition analyzer which was heated at a heating 
rate of 95 °C min 1 under the open atmosphere. The heating tem¬ 
perature was recorded by a computer, while the ignition process 
was shot by a high-speed camera at a frequency of 30 Hz and the 
images were stored in the computer. The brightness in the images 
rose rapidly when an ignition occurred. From the recorded 


temperature and images, the ignition temperature of a sample 
was identified. 

To ascertain the analysis quality, the drop tube furnace was 
leak-tested using nitrogen, and the axial temperature distribution 
in the furnace was measured. The measurements indicated that 
no leakage occurred in the drop tube furnace, and the temperature 
distribution was fairly uniform at the center of the furnace, reveal¬ 
ing the spatially homogeneous gas temperature in the reaction 
zone. The burnout experiments were carried out at least twice 
for some tested samples to ensure the experimental stability and 
accuracy. The relative error between each run was controlled with¬ 
in 5%. Moreover, the ignition temperature of a sample was defined 
from the average temperature of nine tests where the deviation of 
temperature was control within ±3 °C. 


3. Results and discussion 

3.1. Proximate analysis and van Krevelen diagram 

The profiles of the volatile matter (VM), fixed carbon (FC), and 
fuel ratio (=FC/VM) of the five biomass species before and after 
pretreatment are displayed in Fig. 1. As a whole, VM linearly de¬ 
crease with increasing pretreating temperature (Fig. la), whereas 
FC linearly increases (Fig. lb). Similar behavior has been observed 
in the studies of Couhert et al. (2009) and Lu et al. (2012). Be¬ 
cause of this, increasing pretreating temperature has a trend to 
raise the fuel ratio exponentially (Fig. lc). When the biomass 
materials are pretreated at 300 °C or higher temperatures, their 
FC values and fuel ratios are larger than those of Coal A (i.e., 
40.47 wt% and 0.92). Alternatively, the VM contents in the sam¬ 
ples are lower than that in Coal A (=44.09 wt%) when the temper¬ 
ature is as high as 400 °C. In contrast, the VM contents of the 
pretreated materials are always higher than that of Coal B 
(=14.67 wt%). The FC contents and fuel ratios of the pretreated 
materials are lower than those of Coal B (i.e., 76.35 and 5.20), ex¬ 
cept for bamboo carbonized at 500 °C. From the viewpoint of 
proximate analysis, the obtained biomass materials from the pre¬ 
treatment at temperatures of 300-500 °C are between a high-vol¬ 
atile bituminous coal and a low-volatile bituminous coal. FC in a 
fuel gives a higher contribution on heat release than VM when 
the fuel is burned (Parikh et al., 2005). This implies, in turn, that 
the higher the fuel ratio in biomass, the higher the calorific value 
of the biomass. Accordingly, the thermal pretreatment should be 
operated at temperatures equal to or higher than 300 °C, from the 
viewpoint of coal replaced by biomass. 

The profiles of atomic H/C ratio versus atomic O/C ratio, 
namely, the van Krevelen diagram, of the investigated materials 
are plotted in Fig. 2. The linear regression of the data is also 
shown in the figure. The coefficient of determination (R 2 ) of the 
linear regression is 0.9312. This indicates that there exists a 
strong linear correlation between the atomic H/C ratio and the 
atomic O/C ratio, whether the biomass is torrefied or carbonized. 
The slope of the regression line is 1.681, revealing that the impact 
of the thermal pretreatment on the H/C ratio is higher than on 
the O/C ratio. In other words, more hydrogen is depleted from 
the thermal degradation when compared to oxygen. This behavior 
is different from the observations of Rousset et al. (2011) and 
Chen et al. (2012) where only torrefaction was practiced. It fol¬ 
lows that the influence of higher pretreating temperatures (i.e., 
carbonization) on hydrogenis more than on oxygen. In light of 
the profiles shown in Fig. 2, the van Krevelen diagram can be par¬ 
titioned into three different regions. For the raw biomass materi¬ 
als, the atomic O/C and H/C ratios are larger than 0.53 and 1.17, 
respectively. After undergoing torrefaction, the O/C and H/C ratios 
of the materials are in the ranges of approximately 0.16-0.53 and 
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Fig. 1 . (a) Volatile matter, (b) fixed carbon, and (c) fuel ratio values of raw and 
pretreated biomass materials. 


0.65-1.17, respectively. When the samples are carbonized, the 
atomic O/C and H/C ratios are smaller than 0.16 and 0.65, respec¬ 
tively. The atomic H/C and O/C ratios of Coal A are 0.83 and 0.31, 
respectively, which are located in the torrefaction regime. Alter¬ 
natively, the H/C and O/C ratios of Coal B are 0.54 and 0.02, 
respectively, situating in the carbonization regime. 



Fig. 2. Atomic H/C versus O/C ratio (van Krevelen diagram) of raw and pretreated 
biomass materials. 


3.2. Solid yield and energy yield 

The profiles of the HHVs of the coals and biomass are displayed 
in Fig. 3a. When the biomass is torrefied, the HHV is intensified 
obviously. In contrast, the increment in the HHV of the biomass un¬ 
der carbonization is not as significant as that under torrefaction, 
especially for rice husk. The HHV of pretreated rice husk is always 
lower than that of Coal A; hence, rice husk is not recommended to 
replace coals used in blast furnaces. The ash contents of the pre¬ 
treated biomass samples are given in Table 2. When rice husk is 
thermally pretreated from 250 °C to 500 °C, the ash content goes 
up from 13.54 to 26.60 wt%. In view of the high ash contents in 
the raw and pretreated rice husks, their calorific values are always 
lower than that of Coal A. Alternatively, the ash contents in bam¬ 
boo and Madagascar almond merely increase from 1.08 to 
3.71 wt% and from 0.83 to 3.78 wt%, respectively. It has been ad¬ 
dressed that the thermal degradation of fibrous biomass (i.e., oil 
palm, rice husk, and bagasse) is inherently different from that of 
ligneous biomass (i.e., bamboo and Madagascar almond) (Chen 
et al„ 2013). On the other hand, hemicellulose is the most active 
constituent in biomass (Chen and Kuo, 2010) which will be ther¬ 
mally decomposed drastically from the torrefaction and carboniza¬ 
tion. Table 1 suggests that the hemicellulose contents in raw 
bamboo and Madagascar almond are 20.38 and 18.22 wt%, which 
are relatively lower than the other species. This is the reason that 
carbonization is still able to effectively intensify the calorific values 
of bamboo and Madagascar almond. Meanwhile, it can be seen that 
the HHVs of the two species pyrolyzed at 500 °C are almost equiv¬ 
alent to that of Coal B. 

The intention of the present study is to evaluate the potential of 
torrefied or carbonized biomass for the replacement of coals con¬ 
sumed in blast furnaces. A physical scale of the replacement ratio 
is defined as the HHV ratio between pretreated biomass and a coal. 
Consequently, the calorific value of a fuel is higher than that of a 
coal when the ratio is larger than unity. Overall, the replacement 
ratios based on Coal A and Coal B are in the ranges of 0.71-1.32 
(Fig. 3a) and 0.55-1.02 (Fig. 3b), respectively. When the five bio¬ 
mass materials are torrefied at 250 °C, their replacement ratios 
based on Coal A are always lower than unity. The replacement ra¬ 
tios of bamboo and Madagascar almond are larger than unity when 
they are torrefied at 300 °C, whereas the ratios of the other three 
species are smaller than unity. After undergoing carbonization, 
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Fig. 3. (a) HHVs and replacement factors of biomass materials based on (b) Coal A 
and (c) Coal B. 


Table 2 

Ash contents in pretreated biomass materials. 


Temperature 

(°C) 

250 

300 

400 

450 

500 


1.48 

2.02 

2.69 

3.11 

3.71 


Oil 

Palm 

10.35 
13.12 

14.36 
15.18 
17.85 




13.54 

23.68 

24.68 
25.41 
26.60 


Bagasse Madagascar 
almond 


5.56 1.21 

6.33 1.79 

8.61 3.35 

9.19 3.54 

13.25 3.78 


The enhancement factors of the HHVs of the five biomass mate¬ 
rials are tabulated in Table 3. The factor stands for the HHV ratio 
between the pretreated biomass and its parent biomass. Rice husk 
has the lowest enhancement factor among the five species, as a re¬ 
sult of high ash content (Table 2). Alternatively, the enhancement 
factors of bamboo and Madagascar almond are relatively high, 
especially for the latter, which is lifted up to 1.79 when the pre¬ 
treating temperature is 500 °C. This can be explained by the low 
ask contents in the two torrefied materials (Table 2). The profiles 
of the solid yield and energy yield of the biomass at various pre¬ 
treating temperatures are demonstrated in Fig. 4. The former and 
the latter are the weight ratio and the energy ratio between the 
pretreated biomass and the raw one, and the energy yield is the 
multiplication of the solid yield and the enhancement factor of 
HHV (Lu et al., 2012). The solid yield is lower than 50% when the 
biomass is carbonized, regardless of which sample is pretreated. 
This reflects that over 50 wt% of raw biomass is consumed from 
biochar production at temperatures higher than 400 °C. Though 
the HHV of Madagascar almond is promoted markedly from car¬ 
bonization (Fig. 3a), it is noteworthy that its solid yield is lessened 
obviously, ranging from 22 to 25 wt%. This behavior is similar to 
the pyrolysis of mallee wood (Abdullah and Wu, 2009). As a conse¬ 
quence, only around 40% of energy is retained in the biochar car¬ 
bonized from Madagascar almond. The energy yield of rice husk 
is also lower than 50% from its carbonization. In contrast, bagasse 
has the highest energy yield at temperatures of 300-450 °C. This 
can be explained by the highest cellulose content in bagasse 
(Table 1 ) among the five raw biomass species. 


3.3. Ignition and burnout 

The profiles of the ignition temperatures of the coals and raw/ 
pretreated biomass samples are shown in Fig. 5. VM is the main 
factor triggering biomass ignition due to the gas-phase reaction 
in a high temperature environment. Without the consideration of 
bagasse, the ignition temperatures of the raw biomass materials 
are in the range of 261-271 °C which are lower than that of Coal 
A (302 °C) to a certain extent and by far lower than that Coal B 
(418 °C), attributing to the high VM contents in the raw biomass 
samples (Table 1 ). The higher ignition temperature of raw bagasse 
(315 °C) might be due to the high cellulose content in the biomass. 
An increase in pretreating temperature almost linearly increases 
the ignition temperature, with the exception of bagasse. As long 
as the biomass materials are carbonized, their ignition 


the replacement ratios of the samples are higher than unity, with 
rice husk giving an exception. From the calorific view of point, 
the biomass materials except for rice husk can be employed to 
replace high-volatile bituminous coals when they are carbonized. 
Alternatively, only bamboo and Madagascar almond carbonized 
at 500 °C can be utilized to replace Coal B or low-volatile bitumi¬ 
nous coals. 


Table 3 

Enhancement factor of HHV of pretreated biomass materials. 


Temperature Bamboo Oil Rice Bagasse Madagascar 
(°C) palm husk almond 


250 

300 

400 

450 

500 


.20 

.37 


.45 

.48 


.14 

.28 

.43 


.53 






























Ignition temperature (°C) g Energy yield (%) 5 Solid yield (%) 
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Fig. 5. Ignition temperatures of raw and pretreated biomass materials. 



Fig. 6. Burnout versus (a) pretreated temperature and (b) fuel ratio. 


temperatures are higher than that of Coal A. This implies that more 
traveling time for carbonized biomass particles in raceways is re¬ 
quired to activate combustion reaction when compared to Coal A. 
Nevertheless, the pretreated biomass can be ignited more easily 
than that of Coal B. 

The profiles of the burnout of the biomass materials versus pre¬ 
treating temperature are presented in Fig. 6a. The burnout has a 
trend to decrease linearly with increasing pretreatment tempera¬ 
ture. For biomass carbonized under the same temperature, their 
burnout values are close to each other, and the values are lower 
than that of Coal A but substantially higher than that of Coal B. 
To keep a constant fuel rate for hot metal production and reason¬ 
able combustion efficiency in the raceways of blast furnaces, the 
carbonized biomass examined in this study can be used as the 
injection fuel, except that from rice husk. The profiles of burnout 
versus fuel ratio are shown in Fig. 6b. In a previous study (Chen 
et al„ 2012), a linear correlation between the burnout and the fuel 
ratio was exhibited when biomass was torrefied. This implies, in 
turn, that the combusting behavior of biomass could be predicted 
from its fuel ratio, whether the biomass is torrefied or not. How¬ 
ever, when torrefaction and carbonization are simultaneously con¬ 
sidered, as seen in Fig. lc, the fuel ratio grows rapidly when the 
pretreating temperature increases. The reactivity of VM in an oxi¬ 
dizing environment is much higher than that of FC, stemming from 
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the gas-phase reaction. Therefore, the higher the fuel ratio in a fuel, 
the lower the reactivity or burnout of the fuel is. By virtue of the 
significant growth in the fuel ratio with increasing pretreatment 
severity, the burnout substantially decays and no linear correlation 
is observed. 

The study of Basu et al. (2013) suggested that mass and energy 
yields from biomass torrefaction increased with increasing particle 
length but decreased with particle diameter. The analysis of Peng 
et al. (2012) indicated that the torrefaction rate was affected by 
the particle size, especially at high temperatures. Accordingly, 
the particle size distribution has a significant effect on the torrefac¬ 
tion and pyrolysis processes, even the ignition and burnout of pre¬ 
treated biomass. This arises from the fact that heat transfer and 
decomposition behavior are related to the particle surface and 
the total particle surface depends strongly on the particle size. In 
the present study, bamboo, oil palm, and Madagascar almond were 
shredded by a cutting shredder to the particle sizes of 5-10 mesh. 
Though rice husk and bagasse were not treated, their particle sizes, 
in fact, are close to those of bamboo, oil palm, and Madagascar al¬ 
mond in the study. Accordingly, it should be illustrated that the ef¬ 
fect of particle size on in this study not considered. Alternatively, in 
reviewing recent studies concerning economic analysis, the overall 
cost, including the production, transportation and logistics costs, 
for torrefied pellets has been evaluated and compared to regular 
pellets (Bergman, 2005; Peng et al., 2010). It was reported that 
torrefied pellets were cheaper than regular pellets. However, the 
economic analysis of biomass torrefaction alone is absent so far. 
Therefore, the comparison in cost between torrefaction and pyroly¬ 
sis remains unknown. The topics of the effect of particle size on 
torrefaction and carbonization and economic analysis deserve fur¬ 
ther investigation in the future. 

4. Conclusions 

The utility potential of torrefied and carbonized biomass mate¬ 
rials for PCI in blast furnaces has been evaluated. A strong linear 
correlation between the atomic H/C ratio and O/C ratio in biomass 
over the operations of torrefaction and carbonization is exhibited. 
The fuel properties, such as fuel ratio, burnout, and ignition tem¬ 
perature, of biomass torrefied at 300 °C or pyrolyzed between 
400 and 500 °C, are between a high-volatile bituminous coal and 
a low-volatile one. Therefore, the pretreated biomass can partially 
replace the coals consumed for PCI and blends with coals to keep 
reasonable burnout in raceways. 
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